Abstract: Multidimensional solution NMR spectroscopic techniques have been used to obtain atomic level information about a recombinant spider silk construct in hexafluoro-isopropanol (HFIP). The synthetic 49 kDa silk-like protein mimics authentic silk from Nephila clavipes, with the inclusion of an extracellular matrix recognition motif. 2D 1 H-15 N HSQC NMR spectroscopy reveals 33 cross peaks, which were assigned to amino acid residues in the semicrystalline repeat units. Signals from the amorphous segments in the primary sequence were weak and broad, suggesting that this region is highly dynamic and undergoing conformational exchange. An analysis of the deviations of the 13 C a , 13 C b , and 13 CO chemical shifts relative to the expected random coil values reveals two highly a-helical regions from amino acid 12-19 and 26-32, which comprise the polyalanine track and a GGLGSQ sequence. This finding is further supported by /-value analysis and sequential and medium-range NOE interactions. Pulsed field gradient NMR measurements indicate that the topology of the silk mimetic in HFIP is nonglobular. Moreover, the 3D 15 N-NOESY HSQC spectrum exhibits few long-range NOEs. Similar spectral features have been observed for repeat modules in other polypeptides and are characteristic of an elongated conformation. The results provide a residue-specific description of a silk sequence in nonaqueous solution and may be insightful for understanding the fold and topology of highly concentrated, stable silk before spinning. Additionally, the insights obtained may find application in future design and large-scale production and storage of synthetic silks in organic solvents.
Introduction
The exceptional physical properties of silks have been attributed to the molecular architecture of the polypeptide chain and processing of silk in solution prior to fiber formation. 1, 2 The silk-fiber's tensile strength coupled with its low density, stretch ability, toughness, and biodegradable feature makes this an attractive polymer with material science and medical applications. 1 Therefore, the design of new and robust materials with a wide range of applications might be realized from duplicating the molecular design of silk proteins. [3] [4] [5] [6] [7] Native silk fibroins from silkworms and spiders are block copolymers, consisting of semicrystalline blocks covalently linked by amorphous modules. [8] [9] [10] [11] Additional Supporting Information may be found in the online version of this article. Although the composition of the primary sequence in the amorphous segments is dominated by hydrophilic amino acids, the semicrystalline units are predominantly hydrophobic and are primarily alanines and glycines. This minimal molecular design comprising a repetitive primary sequence, the secondary structural motifs, and the tertiary arrangement of the polypeptide chain results in a macromolecular silk-fiber with an exceptional array of material properties. Particularly, the major ampullate gland silk of Nephila clavipes has shown exceptional toughness, elasticity, and stability over a range of conditions. 11, 12 However, a complete description of the molecular interactions in native silks which account for these properties is incomplete. Therefore, silk-like peptides bearing the morphological features of the natural molecule have provided the bulk of information relating to local structure and fiber formation. The Cystine-Arginine-Glycine-Aspartate (CRGD) silk mimetic's design is based on the consensus sequence of Nephila clavipes dragline silk combined with an extracellular matrix protein sequence (integrin recognition motif) covalently linked at the termini. 5, 7 The RGD motif is an epitope for osteoblast binding. The primary structure of the engineered CRGD-silk mimetic consists of a semicrystalline block forming a 33-amino acid sequence repeated 15 times, covalently linked to an amorphous sequence and the CRGD motif spliced between these sequences (see Fig. 1 ). Practical applications of the CRGD-silk mimetic include functioning as a platform for bone cell nucleation and growth, tissue engineering for cartilage repair, stem cell regeneration, and promoting silica composite growth and assembly in vitro, after functionalization with a silica regulating peptide. 5, 7, 13, 14 In addition to industrial applications, insights gained from studying silk-like mimetics can also provide valuable clues relevant to the processing of authentic silk proteins in vivo. Of particular interest are the proper folding and annealing of the prespun, authentic, and recombinant silk polymer. For example, silk from Nephila edulis is subjected to a series of chemical treatments and dehydration before fiber formation. 15, 16 The ionic fluxes within the silk glands will also alter the local structure and aggregation state of the highly concentrated spinning dope, as the environment in the spinning channel is altered. The mature fiber that results is highly ordered, rich in b-sheet content, and linked by amorphous stretches. 17 Interestingly, the recent findings that silk fibroins can form amyloid fibrils in vitro attest to the necessity for tight control of the processing in vivo, since premature formation of these fibrillar structures that are rich in b-sheet content would be deleterious to the spider and limiting in the case of mass production in industry. 18 Similar schemes might be employed by silkworms as well, given that the physiological apparatus employed by spiders for silk processing has been delineated in Bombyx mori. 19, 20 Moreover, despite the differences in primary sequences between silk from spiders and silkworms, both have been suggested to exhibit similar secondary structural features. 21 Hexafluoro-isopropanol (HFIP) is an organic solvent employed in artificial spinning and the regeneration of the silk fiber, and results in fibers with similar structural and mechanical features as the native fiber. [22] [23] [24] [25] [26] Moreover, the difficulties associated with solubilizing hydrophobic sequences at concentrations relevant for NMR measurements are diminished by low polarity solvents such as HFIP. However, the mechanism by which fluorinated alcohols stabilizes secondary structures in proteins and peptides is not completely agreed upon, and includes stabilization of hydrogen bonds for a-helix formation, formation of micelle-like structures around hydrophobic surfaces, and thermodynamic and hydrophobic effects. [27] [28] [29] [30] In this report, HFIP is employed as a solubilizing, nonaqueous solvent, which might shed light on the conformational propensities of the silk-like protein.
The engineered silk mimetic offers the opportunity to incorporate features that minimize some of the experimental difficulties encountered with studying native silks, while retaining much of the molecular characteristics of the natural polymer. For example, truncated synthetic peptides with enhanced solubility have been used widely to study the salient features of silks, and have resulted in a number of the proposed molecular models. 31 In this study, we present a description of a 49-kDa silk-like protein in a nonaqueous solvent at atomic resolution. Our results might have industrial applications and, more importantly, shed light on a salient conformation of the silk polypeptide chain during processing in nonaqueous environments, which are necessary for proper fiber formation. The conformational polymorphism exhibited by silk proteins is facilitated by a balance between hydrophobic and electrostatic interactions, which is regulated in vivo by a series of chemical changes, including pH gradient, K þ , Na þ , Cl À , and P ionic flux and dehydration of the silk solution before fiber formation. 15, 16 In vitro, the conformation of the CRGD-silk mimetic is dependent on the local chemical environment and undergoes a conformational change to b-sheet structure when treated with methanol/water mixtures. 5 The 2D 1 H-15 N HSQC spectrum of the 49-kDa silk mimetic in nonaqueous HFIP and 25 C is shown in Figure 2 . The spectrum exhibits 33 prominent cross peaks attributed to backbone resonances, and seven additional cross peaks, which were assigned to side-chain residues. These resonances were assigned to the 33 amino acids of the repeat region (semicrystalline) shown in the primary sequence in Figure 1 . Spectral assignment was obtained from a combination of standard 3D data sets acquired at room temperature in 100% HFIP, that is, 3D HNCA, 3D HNCO, 3D CBCA(CO)NH, and 3D HNCOCACB. The chemical shift assignments are available as supplemental information. The semicrystalline region is composed of 15 identical units of 33 amino acids; therefore, the observed resonances indicate chemical shift degeneracy between the 15 repeats. Furthermore, the degenerate cross peaks suggest similar local environments, and is consistent with a single structural unit repeated 15 times. Signals from the putative amorphous N-terminal and C-terminal aminoacid sequences (84 amino acids combined) were either very weak or not visible in the 2D 1 H-15 N HSQC spectrum. The signal intensity from this region of the sequence is expected to be reduced by a factor of 15 relative to the 33-amino acid repeat regions. However, these signals were broadened and exhibited greater reduction in intensity than anticipated. The discrepancy observed for the N and C terminal sequences can be attributed to line-broadening resulting from conformational exchange in the slow regime. The N-terminus of the CRGD-silk mimetic also includes an S-tag sequence (residues 14-38) used in purification protocols, which was reported to be unstructured in a corticotrophin-releasing factor receptor 2b construct by NMR spectroscopic studies. 32 Nevertheless, correlations to Asp54 (i.e., iÀ1), which is adjacent to the 33 repeat region can be made in the 3D experiments. The RGD sequence modification is not expected to influence the conformation of the protein but has functional implications, that is, as an epitope for cell-surface binding and is expected to exhibit little propensity to form structure. Earlier studies on authentic silk from N. clavipes in the solution state also observed a loss of spectral signals for residues in the amorphous regions and not in the structured sequences. 33 In that instance, loss of spectral signals was attributed to short 13 C T 1 times, which correlate with fast molecular motions. Figure 3 shows a typical 3D HNCA/CBCA (CO)NH pair used for making sequential assignments of backbone resonances. which are visible in the 2D-HSQC spectrum were assigned to the 33-amino acid repeats. The cross peaks are labeled according to the three-letter convention for amino acids and the residues labeled 1-33 correspond to the repeating residues starting at T55 as seen in Figure 1 . Resonances representing the nonrepeating N and C-terminal sequences, which flank the 33 repeat-region, are not visible.
Results and Discussion

Structural Features of a Silk-Like Protein by NMR
Backbone secondary structure propensity
The backbone chemical shift and 3 J coupling constant analyses are sensitive to protein secondary structure. In particular, deviation from random coil values provides information about the conformational propensities for the peptide backbone. Figure 4 shows the 13 C chemical shift deviation from random coil values for C a , C b , and CO of the CRGD protein. 34, 35 The C a chemical shift of residues involved in a-helices are shifted downfield of the random coil chemical shift and residues involved in b-sheet conformation are shifted upfield of the random coil value. The CO shifts are generally positive for a-helix and negative for bsheet conformation. Taken together, it can be seen that the secondary structural content in the CRGD-silk mimetic, in 100% HFIP contains two a-helical segments. These are the polyalanine stretches spanning residues 12-19 and residues 26-32 of the repeat region, highlighted in Figure 1 . Furthermore, the general convention for interpreting C a chemical shift deviation from random coil values is that values greater than 1 represents highly populated helical regions of a peptide chain, which indicates a high a-helical content for these amino acid sequences. 36 Unique interresidue interactions, which are characteristic of secondary structure is shown in Figure 5 for the 33 repeat Further evidence of the secondary structural propensity of the CRGD-silk mimetic in solution was determined from the 3 J-coupling constants for the 33 residues observed in the 2D HSQC spectrum (Table I. The //u dihedral angles provides residue specific evidence for the peptide backbone secondary structural propensity, which is related to the J-couplings by the Karplus equation. The or half turns were not observed, that is consecutive 9.9 Hz and 4.9 Hz, respectively. These results are consistent with the chemical shift analysis that two highly helical stretches populate the polypeptide sequence. Although the N-terminus of the repeat motif displays no propensity to form an a-helix, the polyalanine stretches are highly a-helical. Generally, polyalanine sequences in folded peptides are populated by a mixture of a-helical or 3 10 helical conformation in solution. 38, 39 It is expected that silk proteins sample a series of metastable backbone conformations during passage in the spinning ducts, before fiber formation. Therefore, it is likely that the secondary structural propensities observed for the repeat region in nonaqueous solvent represent an accessible conformational state that may be populated under appropriate conditions. The molecular structure of natural silk fibers have been determined to be largely constructed of b-sheet secondary structure, arrayed in an ordered lattice. Figure 5 . Summary of sequential and medium range backbone and sidechain NOE interactions. The sequential (residues i to iþ1) and medium range (residues i to iþ3 and i to iþ4) NOEs are represented by the lines below the primary sequence and the line thickness is an indication of the relative intensities of the NOEs.
In contrast, the molecular features of prespun silk have been reported to exhibit both ordered helical structures and disordered sequences, arrayed in either a cholesteric or nematic liquid crystalline state.
2,41-43
The CRGD-silk mimetic is expected to exhibit similar molecular architecture as native silks, since the engineered primary sequence's design is based on the repetitive amino acid units found in N. Clavipes dragline silk, with a similar percentage of alanines and glycines. 7 Recently, studies performed by Asakura and colleagues on the effects of solvent on the secondary structure of silk, reported that a 33-amino acid peptide, which encoded the 33-amino acid consensus sequence from spider dragline silk, adopted a helical conformation in nonaqueous solvents. 44 Additionally, a similar NMR spectroscopic analysis of the consensus sequence from the silkworm Samia cynthia ricini, revealed a highly a-helical structure in solution. 45 The observed secondary features of the 49,000 Da CRGDsilk mimetic are in agreement with the peptide-based studies and suggest that the determined secondary structural elements predominates in at least the nonaqueous fractions reported for prespun silks.
Topology and fold of the CRGD-silk mimetic
Pulsed field gradient (PFG) translational diffusion measurements can provide quantitative and qualitative information about the relative size, shape and hydrodynamic radius of the molecular species in solution. 46, 47 To confirm that we were studying the fulllength construct and not a 33-amino acid fragment, we performed PFG translational diffusion measurements with the CRGD 15-mer in 100% HFIP and 25 C. Figure 6 shows the signal attenuation of a selected peak from the NH region of the spectrum, which fits well with a two-component exponential. globular protein bovine serum albumin. Therefore, it is inferred that the molecular topology of the CRGDsilk mimetic in nonaqueous HFIP is nonspherical. This conclusion is also consistent with the 3D-NOESY HSQC data sets, which exhibited a paucity of longrange NOEs and is typical of an elongated or extended conformation. Figure 7 shows strip plots obtained from the 15 N-NOESY HSQC spectrum of the silk mimetic, from residues 24-33 of the repeat region. Interactions between adjacent repeat units are identified as weak NOEs, indicating that the distance between repeats are !5 Å NOE limits. Furthermore, the combination of degenerate NOEs and identical primary sequence within the repeat hampered the identification of unambiguous long-range interactions between repeat units. Nevertheless, this type of folding architecture, typically observed for Ankyrin repeatmotifs, has been characterized by both NMR spectroscopy and X-ray crystallography, and is suggested to function as scaffolds for macromolecule assembly. 48, 49 A recurring helix-turn-helix folding-motif, representing the 15 tandem repeats was implied from the overlapping resonances and sparsely populated 3D-NOESY spectrum. An elongated topology might be advantageous in facilitating the transition from a-helix/coil to b-sheet rich fibers.
The effects of water and peptide concentration on 2 -structural propensities
The authentic silk sequence is highly hydrophobic and exhibits limited solubility in water, yet is stored at high concentration in vivo. 33 Moreover, native spider silk undergoes supercontraction when exposed to water, suggesting restricted exposure to water in vivo. 50, 51 Supercontraction leads to a reduction of the silk fiber length by 50% and is accompanied by changes in protein's conformation and in the mechanical properties. [51] [52] [53] To examine the interaction of H 2 O with the silk-like mimetic, we used far UV-CD spectroscopy to monitor changes in secondary structure, since titration with H 2 O resulted in protein precipitation at NMR concentrations (require millimolar sample concentration). Figure 8 displays the superposition of CD spectra of the CRGD-silk mimetic dissolved in mixtures of HFIP/H 2 O (v/v) from 80% HFIP/20% H 2 O to 10% HFIP/90% H 2 O. The signal intensity of the 4 mg/mL sample appears to decrease with increasing H 2 O content; however, the ratio of the signals at 222 nm and 208 nm, which is the hallmark of a-helicity, remains constant at a value of 0.7 for all measurements. Similarly, the signal at 220 nm, which corresponds to b-turn, undergoes minimal changes with increasing H 2 O content. The spectra suggest that the average helical content is constant at the % H 2 O used, and the loss in signal intensity with increasing H 2 O content might be due to mild protein precipitation and not due to some other phenomenon such as super contraction. Interestingly, Jelinski and coworkers determined that super contraction of major ampullate dragline-silk of N. clavipes, corresponded to the consensus sequence, YGGLGS(N)QGAGR. 54 Additionally, it was suggested that substitution to an analogous, but less hydrophilic sequence might attenuate the contraction of silk in water. The engineered CRGD-silk sequence incorporates the YGGLGSQG repeat sequence, which corresponds to the indicated modification, and suggests a possible explanation for our observation. Furthermore, it is expected that the hydrophobic sequence will make minimal contact with H 2 O, which suggest that the helical stretches resides within the hydrophobic 33-amino acid repeats. Interestingly, in the spider, water is removed from the spinning solution before fiber formation. 55 It Structural Features of a Silk-Like Protein by NMR might be that water functions in some other capacity than as a solubilizing agent, occupying a separate phase and not penetrating the core of the hydrophobic semicrystalline blocks. Alternatively, water may have a dual functionality in silk processing, serving as a coacervate at high protein concentration and plasticizer at lower concentrations. 56, 57 In this way, the highly concentrated liquid crystalline spinning solution, which has been suggested to be as much as 50% w/v might be streamlined as it traverse the spinning duct and then softened before draw-down, where a plastic conformation could facilitate the conversion from a-helix/ coil to b-sheet formation. This model might be advantageous in facilitating facile mechanical and chemical control of the silk microenvironment in the prespun state, that is, regulation of temperature, pressure transduction, ionic uptake, and so forth.
Conclusions
We have utilized a spider-silk mimetic, which encodes similar percentages of glycines and alanines (42% and 21%, respectively), as expressed in dragline silks, to examine the secondary structural propensities and the conformation of highly concentrated silk-like proteins in a nonaqueous solution. We find a predominance of a-helix encompassing the polyalanine sequences and the GGLGSQ sequences within the semicrystalline repeats. In addition, the silk mimetic polypeptide chain folds into an elongated conformation. The helical population was unaltered with increasing water/ solvent mixtures, indicating that this structural motif was sequestered from water.
Methods
Chemical and reagents
Hexafluoro-isopropanol (HFIP) and deuterated HFIP were purchased from Cambridge isotopes. Double-distilled deionized water was used in the titration experiments.
Expression and purification
The 48,558 Da CRGD 15-mer was subcloned in a pET30a vector and 15 N/ 13 C isotope-labeled protein was obtained from M9 minimal media growth. 5, 7 Purified, isotope-enriched, His-tagged protein was obtained by a one-step process from a Ni þ -column.
Circular dichroism
Far-UV CD studies were carried out on an Aviv spectropolarimeter, model 202, equipped with an automated temperature controller (Aviv associates, Lakewood, NJ). The peptide concentration was 4 mg/mL, and each data set was collected in 400 lL of a clear sample, containing the CRGD silk mimetic solubilized in 100% to 10% HFIP/H 2 O mixtures (v/v) at 25 C. Spectral measurements were taken in a 1-mm path-length quartz cell from 250 to 190 nm wavelength; with a 1 nm bandwidth and three scans per spectrum. Each data point represents the average of three experiments.
NMR spectroscopy
The NMR sample contained 1.25 mM CRGD protein solubilized in 100% deuterated HFIP. NMR measurements were performed on a Bruker DRX 600 or N HSQC spectrum was collected before and after each set of multidimensional NMR experiments. All chemical shifts were referenced to the tetramethylsilane proton signal at 0 ppm. All NMR spectra were processed using the software program NMRPipe and analyzed using the program NMRVIEW. 69, 70 PFG translational diffusion measures were carried out at 25 C in 100% HFIP. 46 The equation mentioned later correlates the diffusion coefficient with the signal attenuation as a function of increasing gradient strength:
where G is the gradient strength, D s is the diffusion coefficient, D is the time between pulses, d is the length of the pulse, and c H is the proton gyromagnetic ratio. 
